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The methylation status of O-6-methylguanine-DNA methyltransferase (MGMT) is associated
with the prognosis in gliomas and in other cancers. Recent studies showed that rs16906252,
an SNP in the MGMT promoter, is associated with promoter methylation and is a predictor of
the overall survival time (OST) and the response to temozolomide (TMZ) treatment. However, these findings haven’t been systematically investigated in the Han-Chinese population.
We analyzed the relevance between rs16906252 polymorphisms, the MGMT methylation
status, and the OST in 72 Han-Chinese gliomas patients. The MGMT promoter methylation
was measured by bisulfite conversion followed by pyro-sequencing, while rs16906252 was
measured by restriction endonuclease digestion. Contrary to the previous findings, we found
no association between rs16906252 genotypes and promoter methylation on MGMT. The
lower-grade glioma (LGGs) patients carrying the C allele with rs16906252 showed a surprisingly better OST (P = 0.04). Furthermore, the LGG patients carrying hypo-methylated MGMT
promoter and rs16906252 T allele showed significantly poorer prognosis. The prognostic
benefit of MGMT promoter methylation and genotypes on gliomas patients is marginal. A
new molecular stratified patient grouping of LGGs is potentially associated with poorer OST.
Active MGMT might have a protective role in LGG tumors, enabling evolution to severe
malignancy.
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within the paper and its Supporting Information
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Introduction
The annual incidence of gliomas slowly increases and is approximately 5 cases per 100,000
individuals [1]. In humans, gliomas include the glioblastomas and several other types of lower-
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grade gliomas (LGGs). More than 80% of malignant gliomas belong to glioblastomas, with an
average survival time of 14 months [2]. The standard treatment of glioblastomas includes maximal surgical resection, and radio- and chemotherapy. Frequently used anti-tumor drugs to
treat glioblastomas include Temozolomide (TMZ) and Bevacizumab [3, 4]. The LGGs
accounts for 15% of total primary brain tumors and approximately 2,000 to 3,000 LGGs are
diagnosed in the United States every year [5, 6].
Promoter methylation of O-6-methylguanine-DNA methyltransferase (MGMT) is an
important clinical predictor to overall survival time (OST) in gliomas and other cancers
including colorectal cancer, lymphoma and lung cancer [7–10]. MGMT protein abundance is
a key indicator of the TMZ treatment response and is routinely assessed by measuring promoter methylation of MGMT [11–13]. Recent studies suggested the rs16906252 genotype in
tumors is associated with MGMT promoter methylation [8, 14, 15]. Compared to the wild type
of homozygous C, glioblastomas that carry the T allele of rs16906252, i.e. heterozygous C and
T or homozygous T alleles, showed hyper-methylated MGMT promoters and a better survival
outcome [16].
The studies supporting the clinical association on the tumoral rs16906252 polymorphisms
and promoter methylation of MGMT are primarily on white patients. Interestingly, the T allele
of the rs16906252 is 6.857% in whites according to the Exome Aggregation Consortium (ExAC)
but is not seen in East Asia [17]. This study aims to investigate the rs16906252 polymorphisms
in Han-Chinese and evaluate the clinical relevance of the rs16906252 genotype, the MGMT promoter methylation in the brain cancer patients.

Materials and methods
Sample collection
The study was approved by the institutional review board (IRB) of the Chang Gung Memorial
Hospital (CGMH). All patients were provided with written informed consent. Seventy-two
patients were recruited between 2005 and 2015 with pathologically confirmed malignant gliomas including glioblastomas (WHO grade IV) and LGGs (WHO grade II and III). Tumor tissues were surgically resected, snap frozen in liquid nitrogen, and stored at -80˚C. Matched
control samples were collected from peripheral blood monocytes (PBMCs) during surgery.

Genomic DNA extraction
Tumor DNA were extracted by using the Gentra Puregene kit (QIAGEN) following the manufacturer’s protocol. In short, the tumor tissues were lysed with lysis solution using proteinase K
treatment. After protein precipitation by protein precipitation solution and DNA precipitation
by isopropanol, DNAs were washed with 70% ethanol. The pellet was air-dried and re-suspended in Tris-EDTA buffer or deionized water. Blood DNA extraction began with separation
and lysis of lymphocytes from whole blood by using a hypotonic buffer. After PBS wash, lymphocytes were treated with lysis solution and proteinase K. DNA were extracted by phenol and
chloroform separation. The same procedure for DNA precipitation and re-suspension was followed as that of tumor DNA.

SNP genotyping
The MGMT promoter region was amplified by polymerase chain reaction (PCR) with forward
and reverse primer pairs 5’-GCCCCTAGAACGCTTTGCGTC-3’ and 5’-AGACACTCACC
AAGTCGCAACG-3’ at 65˚C of annealing temperature in a master mix enzyme (New England
Biolabs). Expected length of the PCR amplicons is 74 base pairs (bps) with or without a Hha1
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Table 1. Summary of the demographic and molecular characteristics of gliomas patients.
Patients

%

Age*, mean (range)

48.9 (22–95)

<50

39

54.2 %

50

33

45.8 %

Male

43

59.7 %

Female

29

40.3 %

glioblastomas

34

47.2 %

LGGs

38

52.8 %

With TMZ

30

41.7 %

Without TMZ

42

58.3 %

Gross resection

16

22.2 %

Others#

56

77.8 %

Newly diagnosed

44

61.1 %

Recurrent

28

38.9 %

Hyper-methylation

37

51.4 %

Hypo-methylation

35

48.6 %

CC

51

70.8 %

CT

20

27.8 %

TT

1

1.4%

CC

54

81.8 %

CT

11

16.7 %

TT

1

1.5%

Sex

Pathology

Treatment

Treatment received

At diagnosis

MGMT methylation

Tumor rs16906252

Germline rs16906252

Abbreviations: LGG, lower-grade gliomas.
*Age at diagnosis.
#

Others include nearly total, subtotal, and partial resection.

https://doi.org/10.1371/journal.pone.0178842.t001

site depending on the rs16906252 genotypes. The PCR amplicons were treated with the Hha1
enzyme (New England Biolabs), which recognizes the CGCG site presented with the C allele of
rs16906252. The result of Hha1 treatment was then analyzed by electrophoresis on 3% agarose
gel. PCR amplicons with a T variant remained uncut full length (74 bps), while those with the C
allele were fragmented into 48 bps and 26 bps.

Bisulfite conversion and pyrosequencing
To determine promoter methylation, 500 ng tumor DNA were biosulfite-converted, amplified
by the PyroMark MGMT kit (Qiagen) followed by pyrosequencing analysis. Five potentially
methylated sites in the first exon (+17 to +39) of the MGMT gene were analyzed by the EZ
DNA Methylation-GoldTM Kit (Zymo Research) following the manufacturer’s suggestions.
The methylation level was analyzed on the PSQ96 MA system (Qiagen) and quantified by the
Qiagen Pyro-Mark CpG software (Qiagen). Hyper-methylation is defined by the average
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methylation sites equal or higher than 10% on the 5 CpG, otherwise regarded as hypomethylation.

Statistical analysis
Statistical analyses were performed by the GraphPad prism 5 software. Overall survival time
(OST) was defined as the period from the date of tumor removal to the date of death and was
analyzed by the Kaplan–Meier and Log-rank test for statistical significance. Chi-square analysis was applied to test the association between the methylation status and the rs16906252 genotypes. P-values of lower than 0.05 were considered significant.

Results
Clinical characteristic of the glioma cohort
Seventy-two glioma patients, including 34 glioblastomas and 38 LGGs, between 2005–2015,
were recruited in this study including 44 newly diagnosed and 28 relapsed patients. The mean
age of all glioma patients was 48.9 years old (22–95 years old) and 59.7% was male. Sixteen
patients received gross total resection, whereas the others received nearly total, subtotal, or
partial removal of tumors (77.8%). Nearly half of the patients (41.7%), mostly the glioblastoma
patients received the TMZ chemotherapy. Forty-four patients passed away with recorded
OSTs, whereas 28 patients were censored due to either being alive at the time of analysis or
loss of contact. Table 1 summarizes the clinical statistics of the patient cohort. The MGMT promoter methylation analysis suggested that slightly more than half (51.4%) of the patients
showed hyper-methylated MGMT promoter. Regarding MGMT genotyping, 29.2% tumors
(21 of 72) carried the T allele at rs16906252, while only 18.2% (12 of 66) carried the same allele
in control DNA. The allele frequency of the rs16906252 minor allele T in tumor samples was
15.3% and 9.8% in the matched-germline control samples. All relevant data of participantlevel is summarized in S1 Table.

rs16906252 genotypes are not associated with promoter methylation in
MGMT
Previous studies suggested that the rs16906252 T allele is associated with methylated promoter
in MGMT in lung [7], colorectal [8, 18], and brain cancer [16]. However, the association is not
replicated in our Han-Chinese gliomas cohort. The MGMT promoter showed an average
methylation of 21.5% and 18.3% in the patients carrying the CC (N = 51) and CT and TT
(N = 21) genotypes, respectively (Fig 1A). When the glioblastomas (Odds Ratio [OR]: 0.7656;
95%Confidence Interval [CI]: 0.5426–1.542; P = 0.7296, S2 Table) and LGG patients (OR:
1.667; 95%CI: 0.3689–7.529; P = 0.5045, S2 Table) were analyzed separately, none of the correlation was significant in either group of patients (Fig 1B and 1C and S2 Table).

rs16906252 predicts OST on LGG patients
The rs16906252 genotypes in tumors are not correlated with OST in glioblastoma patients
(HR: 0.9733; 95%CI: 0.6218–1.559; P = 0.949, S3 Table). The median survival time of patients
with the CC and CT genotypes was 10 months (n = 23) and 9.2 months (n = 11), respectively,
while none of the patients carried the TT genotype (Fig 2A). However, in LGG patients, the
CC genotype is correlated with a longer OST (HR: 0.2902; 95%CI: 0.08898–0.9467; P = 0.0403,
Fig 2B and S3 Table). Patients carrying the CC genotype had a longer median OST (54.6
months; n = 28) compared to those with the CT genotype (24.2 months; n = 10, p = 0.0403).
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Fig 1. Correlation between the rs16906252 genotype and promoter methylation. MGMT promoter methylation and the rs16906252 genotype
were analyzed for association with (A) all glioma patients (P = 0.5573), (B) glioblastoma patients (P = 0.9899), and (C) LGG patients (P = 0.5827).
Neither all nor subgroups of patients replicated the previously reported association in the Han-Chinese.
https://doi.org/10.1371/journal.pone.0178842.g001

Our results suggest that although not observed in glioblastoma patients, the CC genotype
showed a contradictive longer OST in LGG patients [15].

MGMT promoter methylation is not correlated to OST
Although repeatedly reported as a good predictor, MGMT promoter methylation is not correlated with OST on both glioblastomas and LGG patients in our results (Fig 3). In the glioblastoma cohort, the median survival time of methylated and non-methylated patients was 19.3
months (n = 11) and 9.6 months (n = 23), respectively (HR: 0.7617; 95%CI: 0.3436–1.689;
P = 0.5029, Fig 3A and S3 Table). In the LGGs cohort, the median survival time of methylated
and non-methylated patients was 49.2 months (n = 26) and 28.1 months (n = 12), respectively
(HR: 1.031; 95%CI: 0.3572–2.973; P = 0.9555, Fig 3B and S3 Table). Regardless of the methylation status, circa 40% LGG patients in each group were still alive at the time of analysis. Our

Fig 2. Kaplan-Meier survival analysis of the rs16906252 genotype on (A) glioblastoma patients and (B) LGG patients. (A) Previous
studies suggested that the T allele is associated with a prolonged OST. However, the association is not observed in glioblastoma patients
(P = 0.949). (B) LGG patients with the homozygous C alleles showed a significantly prolonged OST compared to that with CT or homozygous T
alleles (P = 0.0403).
https://doi.org/10.1371/journal.pone.0178842.g002
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Fig 3. Kaplan-Meier survival analysis on the extent of MGMT promoter methylation. In glioblastoma patients, most patients (68%) showed
hypo-methylation, but this was opposite in LGG patients (32%). Statistical analysis suggests that the OST is not associated with MGMT
promoter methylation on (A) glioblastoma patients (P = 0.5029) and (B) LGG patients (P = 0.9555).
https://doi.org/10.1371/journal.pone.0178842.g003

results suggest that promoter methylation is not correlated with OST in Han-Chinese
ethnicity.

rs16906252 genotypes stratify LGG patients with hypo-methylated
MGMT
We further tested the correlation between OST and the combination of methylation and genotypes with MGMT. The rs16906252 genotypes surprisingly stratify the LGG patients with
hypo-methylated MGMT promoter (Fig 4). The patients with hyper-methylated MGMT and
homozygous C genotype on rs16906252 demonstrated better OST compared with the heterozygous CT genotypes, but this association is not statistically significant (HR: 0.7628; 95%CI:

Fig 4. OST and the MGMT promoter genotype and methylation on LGGs. The LGG patients were further classified with (A) hyper- and (B)
hypo-methylated promoter in MGMT. The C (or T) allele is not associated with a prolonged OST on patients with methylated promoter (A,
P = 0.7096) but on patients of hypo-methylation (B, P = 0.0252).
https://doi.org/10.1371/journal.pone.0178842.g004
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0.1834–3.173; P = 0.7096; Fig 4A and S3 Table). The patients who had the C allele showed a
prolonged OST while those with the T allele showed significantly shorter OST (HR: 0.1165;
95%CI: 0.01773–0.7657; P = 0.0252; Fig 4B and S3 Table). However, promoter methylation
and genotypes collectively are not correlated with OST on glioblastoma patients with a hypomethylated MGMT promoter (S2 Fig).

MGMT promoter methylation and genotypes are not predictors for better
prognosis in the TMZ-treated glioblastoma patients
Previous reports suggested that the glioblastoma patients benefited from TMZ therapy and
demonstrated a prolonged OST. In our cohort, 25 out of 34 (73.5%) glioblastoma patients
were prescribed with TMZ while only five LGG patients were. Of the glioblastoma patients,
TMZ-treated patients showed a marginally prolonged OST (HR: 0.4604; 95%CI: 0.1707–1.242;
P = 0.1256; Fig 5 and S3 Table). The median survival of the TMZ-treated glioblastoma patients
and non-TMZ treated patients differed significantly and are 17.1 months (n = 25) and 7.1
months (n = 9), respectively. Further analysis suggested that rs16906252 genotype is not correlated with OST in TMZ-treated glioblastoma patients (S3A Fig). The patients with hypermethylated MGMT promoter showed a marginally prolonged OST (P = 0.1064, S3B Fig), and
the mean OST of the patients with hyper- and hypo-methylated MGMT promoter were 25.7
months and 10 months, respectively. On the other hand, the MGMT promoter genotypes and
methylation were not associated with prolonged OSTs in all glioma patients without TMZ
treatment (S4 and S5B Figs), except the LGGs patients having CC genotypes (S5A Fig).

Discussion
We reported the clinical impact of both promoter methylation and genotypes in MGMT, a
negative regulator of TMZ treatment, to glioma patients [19]. The patients in this study were
all Han-Chinese recruited from a single medical center between 2005 to 2015 to ensure consistent quality of clinical management and patient care. Furthermore, all patients were treated
and cared for by the same neurosurgeon. The drawback of this strategy is the number of analyzed patients; the findings should be validated in a larger cohort. Furthermore, analysis of isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) and 1p19q shall provide further information
on patient stratification.
TMZ is a commonly used alkylating agent transferring a methyl group to the O6-guanine,
which causes mispairing with thymine during DNA replication and results in apoptosis and
cell death. MGMT removes the methyl group resulting in reduction of the therapeutic effect of
TMZ [20]. The MGMT promoter hyper-methylation has been repeatedly reported as a predictor to effective TMZ treatment in whites and in Han-Chinese, even though some contradictory
results were also reported [21–24]. In our study, only marginal association is seen.
Previous studies suggested that the rs16906252 T allele results in reduced promoter activity
and MGMT expression [7] and is associated with MGMT methylation in glioblastoma [15,
16], colorectal cancer [18, 25, 26], and in a subset of malignant pleural mesothelioma patients
[25]. However, the association is not replicated in our Han-Chinese cohort of glioblastomas
nor in LGG patients. Since SNP often varies among different ethnic groups, statistical differences might be attributable to ethnic variation. From ExAC and 1000 genome results [17], the
minor allele T is 6.857% and 2% in whites respectively, while it is not present in the East Asian
population. Our results show that the germline MAF (minor allele frequency) is 0.091 in the
Han-Chinese compared to that of 0.1 and 0.14 in the germline genome of the glioma patients
of Western European descent [15, 16]. The MAF in brain cancer patients is only slightly
different.
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Fig 5. Kaplan-Meier survival analysis on the glioblastoma patients with and without TMZ treatment. Among 34
glioblastoma patients, only 9 patients were not treated with TMZ. The patients treated with TMZ showed a prolonged OST
compared to the group without TMZ, although this is not statistically significant (P = 0.1256).
https://doi.org/10.1371/journal.pone.0178842.g005

The MAF of rs16906252 in tumors went up to 0.153, while 11 tumors underwent C>T
somatic mutations. The increase of the rs16906252 T allele might drive a potentially evolutionary advantage, which presents a poor prognosis in our LGGs result. However, the cellular
influence of the rs16906252 T allele in LGGs remains to be investigated.
Previous studies showed that glioblastoma patients carrying the T allele with hyper-methylated MGMT promoter had significantly better prognosis [16]. The T allele is not correlated
with a prolonged OST as reported for glioblastoma patients and for the TMZ-treated glioblastoma patients [23]. In contrast, the LGGs patients showed a surprisingly prolonged OST when
carrying the rs16906252 C allele while the T allele is in fact associated with a significantly poor
prognosis. While the somatic mutation prevalence in LGGs is higher [27], one explanation is
that active MGMT in LGGs might repair DNA damage and further protect the tumor cells
from apoptosis and cell death. This facilitates the LGGs tumors becoming malignant.

Conclusions
In summary, we showed that glioblastoma patients benefited by receiving TMZ treatment
and confirmed that the glioblastoma patients with hyper-methylated promoter showed a prolonged OST although the difference is not statistical significant. Although unable to replicate
some of the previous findings, we present here some novel findings. We identified a positive
correlation between prolonged OST and the rs16906252 CC genotype in LGGs and that the
rs16906252 genotypes predict two distinctive outcomes in the hypo-methylated LGG patients.
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Due to the small number of samples, further validation on a larger cohort of Han-Chinese and
east Asians will shed light on more robust conclusions of the clinical utility or MGMT genetic
testing for brain cancers.

Supporting information
S1 Fig. rs16906252 genotyping by Hha1 restriction enzyme digestion and electrophoresis.
Genomic DNA was treated with Hha1 and electrophoresed in a 3% agarose gel. PCR products
(74bp) harboring the rs16906252 T allele prevent Hha1 digestion, while that of the C allele is
fragmented into 48- and 26-bp fragments. The results of patient’s genotype of the homozygous
C, heterozygous CT, homozygous T is illustrated here. U: Undigested; D: Digested.
(TIFF)
S2 Fig. Kaplan-Meier survival analysis on the MGMT genotype and methylation on the
glioblastoma patients. The glioblastoma patients were grouped by their methylation and
genotype of the MGMT promoter. None of the patient groups showed significantly prolonged
OST (P = 0.7358).
(TIFF)
S3 Fig. OST of 25 TMZ-treated glioblastoma patients. (A) The CC or CT genotypes did not
differentiate patients for prolonged OST (P = 0.5319). (B) The patients with the hyper-methylated MGMT promoter showed better survival outcome (median survival time are 17.1 months
versus 7.1 months) even though statistically insignificant. (P = 0.1064).
(TIFF)
S4 Fig. OST of nine non-TMZ treated GBM patients. (A) These patients had either homozygous C (n = 6) or heterozygous CT genotype (n = 3). However, all showed very short OST
except one patient with CC was still alive at the time of analysis. The genotypes do not differentiate OST (P = 0.3668). (B) The promoter methylation does not differentiate OST, except one
patient with hypo-methylation showed a prolonged OST (P = 0.3198).
(TIFF)
S5 Fig. OST of 33 non-TMZ treated LGG patients. Most LGG patients didn’t receive TMZ
treatment except five patients. The result of the genotype (A, P = 0.0435) and the promoter
methylation (B, P = 0.9745) on 33 non-TMZ treated patients is similar to that of all LGGs
patients.
(TIFF)
S1 Table. Patient clinical information.
(XLSX)
S2 Table. Statistical analysis of the genotypes and the promoter methylation status of the
glioma patients.
(XLSX)
S3 Table. Log-rank test of OST in glioblastoma and the LGG patients.
(XLSX)

Acknowledgments
The authors thank the CGMH-Linkou Cancer Center for their technical help and the Bioinformatics Core Laboratory at CGMH-Linkou for excellent help with statistical analysis. We also

PLOS ONE | https://doi.org/10.1371/journal.pone.0178842 June 2, 2017

9 / 11

MGMT promoter methylation and genotyping on glioblastomas and LGGs

thank Prof. PC Huang for his critical reading and suggestions for this manuscript and Dr.
Tsung-Chieh Lin and Dr. Alison Su-Hsun Liu for stimulating discussions.

Author Contributions
Conceptualization: KCW KW LEH LYC.
Formal analysis: CYC WTH CHC LYC.
Funding acquisition: LYC.
Investigation: CYC LYF.
Project administration: CYC.
Supervision: LYC.
Validation: KCW LYC.
Visualization: CYC CHC LYC.
Writing – original draft: CYC LYC.
Writing – review & editing: PWH KW LYC.

References
1.

Omuro A, DeAngelis LM. Glioblastoma and other malignant gliomas: a clinical review. JAMA. 2013; 310
(17):1842–50. https://doi.org/10.1001/jama.2013.280319 PMID: 24193082

2.

Ostrom QT, Gittleman H, Fulop J, Liu M, Blanda R, Kromer C, et al. CBTRUS Statistical Report: Primary
Brain and Central Nervous System Tumors Diagnosed in the United States in 2008–2012. Neuro
Oncol. 2015; 17 Suppl 4:iv1–iv62. PubMed Central PMCID: PMC4623240.

3.

Minniti G, Muni R, Lanzetta G, Marchetti P, Enrici RM. Chemotherapy for glioblastoma: current treatment and future perspectives for cytotoxic and targeted agents. Anticancer Res. 2009; 29(12):5171–84.
PMID: 20044633

4.

Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med. 2005; 352(10):987–96. https://
doi.org/10.1056/NEJMoa043330 PMID: 15758009

5.

Sanai N, Chang S, Berger MS. Low-grade gliomas in adults. J Neurosurg. 2011; 115(5):948–65. https://
doi.org/10.3171/2011.7.JNS101238 PMID: 22043865

6.

Pouratian N, Schiff D. Management of low-grade glioma. Curr Neurol Neurosci Rep. 2010; 10(3):224–
31. PubMed Central PMCID: PMCPMC2857752. https://doi.org/10.1007/s11910-010-0105-7 PMID:
20425038

7.

Leng S, Bernauer AM, Hong C, Do KC, Yingling CM, Flores KG, et al. The A/G allele of rs16906252 predicts for MGMT methylation and is selectively silenced in premalignant lesions from smokers and in
lung adenocarcinomas. Clin Cancer Res. 2011; 17(7):2014–23. PubMed Central PMCID:
PMC3070839. https://doi.org/10.1158/1078-0432.CCR-10-3026 PMID: 21355081

8.

Hawkins NJ, Lee JH, Wong JJ, Kwok CT, Ward RL, Hitchins MP. MGMT methylation is associated primarily with the germline C>T SNP (rs16906252) in colorectal cancer and normal colonic mucosa. Mod
Pathol. 2009; 22(12):1588–99. https://doi.org/10.1038/modpathol.2009.130 PMID: 19734844

9.

Toffolatti L, Scquizzato E, Cavallin S, Canal F, Scarpa M, Stefani PM, et al. MGMT promoter methylation and correlation with protein expression in primary central nervous system lymphoma. Virchows
Arch. 2014; 465(5):579–86. https://doi.org/10.1007/s00428-014-1622-6 PMID: 25031012

10.

Weller M, Tabatabai G, Kastner B, Felsberg J, Steinbach JP, Wick A, et al. MGMT Promoter Methylation Is a Strong Prognostic Biomarker for Benefit from Dose-Intensified Temozolomide Rechallenge in
Progressive Glioblastoma: The DIRECTOR Trial. Clin Cancer Res. 2015; 21(9):2057–64. https://doi.
org/10.1158/1078-0432.CCR-14-2737 PMID: 25655102

11.

Zhang J, Stevens MF, Bradshaw TD. Temozolomide: mechanisms of action, repair and resistance.
Curr Mol Pharmacol. 2012; 5(1):102–14. PMID: 22122467

PLOS ONE | https://doi.org/10.1371/journal.pone.0178842 June 2, 2017

10 / 11

MGMT promoter methylation and genotyping on glioblastomas and LGGs

12.

Reifenberger G, Hentschel B, Felsberg J, Schackert G, Simon M, Schnell O, et al. Predictive impact of
MGMT promoter methylation in glioblastoma of the elderly. Int J Cancer. 2012; 131(6):1342–50. https://
doi.org/10.1002/ijc.27385 PMID: 22139906

13.

Weller M, Stupp R, Reifenberger G, Brandes AA, van den Bent MJ, Wick W, et al. MGMT promoter
methylation in malignant gliomas: ready for personalized medicine? Nature reviews Neurology. 2010; 6
(1):39–51. https://doi.org/10.1038/nrneurol.2009.197 PMID: 19997073

14.

Candiloro IL, Dobrovic A. Detection of MGMT promoter methylation in normal individuals is strongly
associated with the T allele of the rs16906252 MGMT promoter single nucleotide polymorphism. Cancer Prev Res (Phila). 2009; 2(10):862–7.

15.

Rapkins RW, Wang F, Nguyen HN, Cloughesy TF, Lai A, Ha W, et al. The MGMT promoter SNP
rs16906252 is a risk factor for MGMT methylation in glioblastoma and is predictive of response to temozolomide. Neuro Oncol. 2015; 17(12):1589–98. PubMed Central PMCID: PMC4633927. https://doi.org/
10.1093/neuonc/nov064 PMID: 25910840

16.

McDonald KL, Rapkins RW, Olivier J, Zhao L, Nozue K, Lu D, et al. The T genotype of the MGMT C>T
(rs16906252) enhancer single-nucleotide polymorphism (SNP) is associated with promoter methylation
and longer survival in glioblastoma patients. Eur J Cancer. 2013; 49(2):360–8. https://doi.org/10.1016/j.
ejca.2012.08.012 PMID: 22975219

17.

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, et al. Analysis of protein-coding
genetic variation in 60,706 humans. Nature. 2016; 536(7616):285–91. PubMed Central PMCID:
PMCPMC5018207. https://doi.org/10.1038/nature19057 PMID: 27535533

18.

Kuroiwa-Trzmielina J, Wang F, Rapkins RW, Ward RL, Buchanan DD, Win AK, et al. SNP
rs16906252C>T Is an Expression and Methylation Quantitative Trait Locus Associated with an
Increased Risk of Developing MGMT-Methylated Colorectal Cancer. Clin Cancer Res. 2016; 22
(24):6266–77. PubMed Central PMCID: PMC5143212. https://doi.org/10.1158/1078-0432.CCR-152765 PMID: 27267851

19.

Wick W, Weller M, van den Bent M, Sanson M, Weiler M, von Deimling A, et al. MGMT testing—the
challenges for biomarker-based glioma treatment. Nature reviews Neurology. 2014; 10(7):372–85.
https://doi.org/10.1038/nrneurol.2014.100 PMID: 24912512

20.

Yang LJ, Zhou CF, Lin ZX. Temozolomide and radiotherapy for newly diagnosed glioblastoma multiforme: a systematic review. Cancer Invest. 2014; 32(2):31–6. https://doi.org/10.3109/07357907.2013.
861474 PMID: 24328555

21.

Shen D, Liu T, Lin Q, Lu X, Wang Q, Lin F, et al. MGMT promoter methylation correlates with an overall
survival benefit in Chinese high-grade glioblastoma patients treated with radiotherapy and alkylating
agent-based chemotherapy: a single-institution study. PLoS One. 2014; 9(9):e107558. PubMed Central
PMCID: PMC4161443. https://doi.org/10.1371/journal.pone.0107558 PMID: 25211033

22.

Hegi ME, Diserens AC, Gorlia T, Hamou MF, de Tribolet N, Weller M, et al. MGMT gene silencing and
benefit from temozolomide in glioblastoma. N Engl J Med. 2005; 352(10):997–1003. https://doi.org/10.
1056/NEJMoa043331 PMID: 15758010

23.

Sadones J, Michotte A, Veld P, Chaskis C, Sciot R, Menten J, et al. MGMT promoter hypermethylation
correlates with a survival benefit from temozolomide in patients with recurrent anaplastic astrocytoma
but not glioblastoma. Eur J Cancer. 2009; 45(1):146–53. https://doi.org/10.1016/j.ejca.2008.09.002
PMID: 18945611

24.

van den Bent MJ, Gravendeel LA, Gorlia T, Kros JM, Lapre L, Wesseling P, et al. A hypermethylated
phenotype is a better predictor of survival than MGMT methylation in anaplastic oligodendroglial brain
tumors: a report from EORTC study 26951. Clin Cancer Res. 2011; 17(22):7148–55. https://doi.org/10.
1158/1078-0432.CCR-11-1274 PMID: 21914791

25.

Kristensen LS, Nielsen HM, Hager H, Hansen LL. Methylation of MGMT in malignant pleural mesothelioma occurs in a subset of patients and is associated with the T allele of the rs16906252 MGMT promoter SNP. Lung Cancer. 2011; 71(2):130–6. https://doi.org/10.1016/j.lungcan.2010.05.008 PMID:
20627446

26.

Ogino S, Hazra A, Tranah GJ, Kirkner GJ, Kawasaki T, Nosho K, et al. MGMT germline polymorphism
is associated with somatic MGMT promoter methylation and gene silencing in colorectal cancer. Carcinogenesis. 2007; 28(9):1985–90. https://doi.org/10.1093/carcin/bgm160 PMID: 17621591

27.

Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV, et al. Signatures of mutational processes in human cancer. Nature. 2013; 500(7463):415–21. PubMed Central PMCID:
PMCPMC3776390. https://doi.org/10.1038/nature12477 PMID: 23945592

PLOS ONE | https://doi.org/10.1371/journal.pone.0178842 June 2, 2017

11 / 11

